The dependency of a high level of serotonin (5-hydroxytryptamine, 5HT) in the lung on blood 5HT was examined. The whole lung excised from NOD/Shi mice (male, 8-12 week old) immediately after being sacrificed by cervical dislocation contained 2.86 + 1.21/~g/g of 5HT per wet tissue. This mount was much higher than that explained by the included blood which was estimated by the hemoglobin concentration in the lung extract. In order to decrease 5HT levelin the blood, platelet was deplete tl by an exposure to y-ray. On the 10th day after the irradiation the amount of 5HT in the lung and blood decreased to about 3.1% and 1.5% of the respective normal values. The progressive decrease in 5HT in the lung and blood of the irradiated mice was prevented by the transplantation of normal bone marrow cells (107 cells/mouse). 5HT in the intestine did not change significantly. The correlation between 5HT in the excised lung and the number of platelets in the blood was statistically significant (correlation coefficient r= 0.61). The irradiated, platelet-deficient mice were incapable of accumuinting serotonin in the lung, while normal mice increased the lung serotonin more than 3-fold, when high doses of 5HT were administered. The results indicated that the high level of 5HT in the dissected lung was closely related to platelet in the blood. A question remained where the majority of the measured 5HT was located in the lung tissue.
Introduction
A large amount of serotonin (5-hydroxytryptamine, 5HT 1) has been detected in the isolated lung and digestive tract, in addition to the blood [1, 2] . The gastro-intestinal mucosa have been accepted as the principal site of 5HT biosynthesis [1] and of its release into the blood stream [3] , but the origin and location of 5HT in the lung have been still ambiguous. In our previous report [2] , most of the amount of 5HT in the lung and small intestine was shown not to be of mast cells. The activity of tryptophan hydroxylase (tryptophan 5-monooxygenase, EC 1.14.16.4), the key 3 To whom correspondence should be addressed. enzyme in the biosynthesis of 5HT, has not.been detected in the lung tissues. It has been suggested that 5HT in the lung is suppplied from gastrointestinal mucosa [1] , probably via the blood stream. In the blood, virtually all the 5HT is contained in the platelets, for free 5HT in the blood is rapidly removed during the systemic circulation mainly through the liver and lung [4-7, reviewed in 8-11] .
In this paper, the dependency of the high level of 5HT in the lung on blood 5HT was examined by manipulating the 5HT level in the blood. In order to restrain 5HT in the blood, mice were exposed to v-ray at a lethal dose which deplete platelet in the blood.
Materials and methods AtCunais
Inbred mice, NOD/Shi, were kindly donated from Dr M. Nishimura of the Institute for Experimental Animals of our university, and were maintained as described previously [2] . Male mice of 8-12 week old were used.
Chemicals
Sources of reagents and HPLC medium (FineSIL-C18-5-T) were described previously [2] . Buffers for elution of the HPLC column were filtered (Millipore filter, pore size 0.45 #m) and deaerated before use. Standard solutions of 5HT and Nw-methyl-5-hydroxytryptamine (internal standard) were prepared in 1% ascorbic acid in 0.1 N HC1. In certain experiments, authentic 5-hydroxyindoleacetic acid (5HIAA) was also included in the standard solution. They were stored at -80 ~ until use.
Irradiation
A ~,-ray irradiation system (6~ Teletherapy apparatus, Type RI-103D3, Tokyo Shibaura Elec. Co., Ltd., Tokyo, Japan) was used. Mice were given 800 r of the 7-ray irradiation to the whole body in a single dose. The irradiation for a set of experiment was performed at a definite time zone from 10 a.m. to 2 p.m.
Bone marrow transplantation
Bone marrow cells were obtained from femoral and tibial bones of the NOD/She mice, and washed once with PBS(-). The cells (1 x 107 cells/mouse) were injected to the mice after several hours of the irradiation through the tail vein under anesthesia with diethylether.
Loading non-irradiated and irradiated mice with excess 5HT 5-Hydroxytryptamine creatinine sulfate dissolved in Hank's solution without glucose and albumin (0.3 ml), was injected i.p. to the non-irradiated and irradiated mice at dose of 8.8, 17.6 and 35.2 #g/g body weight. The injection to the irradiated mice was performed on the 7th day after the irradiation. Control mice were injected with 0.3 ml of the same saline. Mice were sacrificed after 15 min of the injection by cervical dislocation, and the lung was isolated as described below, except that blood specimens were collected from the bleeding in the thoracic cavity immediately after the dissection of the heart.
Isolation of organs
Blood was collected by means of glass capillaries wetted with 0.2 M EDTA from the orbital vein at 10-11 a.m. Two 100-#1 portions of the blood were collected, one for the cell counting and the other for the 5HT measurement. The blood samples for the chemical analysis were immediately frozen in liquid N2 and stored at -80 ~ Two hours after the blood collection, the mice were sacrificed by cervical dislocation. The thoracic cavity was quickly opened and the beating heart was dissected out exactly 10 sec after the cervical dislocation, followed by the isolation of whole lung and an upper portion of small intestine (3 cm from pylorus ring). The intestine was cut open longitudinally. The tissues were rinsed with cold saline, blotted on filter paper, weighed and frozen in liquid N2, and then stored at -80* until use (less than 2 weeks).
Preparation of tissue extract
The extraction was carried out essentially as described previously [2] with slight modifications. The blood (100 #1) was mixed with 300 #1 of cold 0.33 N HCI containing 3.3% (w/v) ascorbic acid and 50 #1 of 3.3 #M Nw-methyl-5-hydroxytryptamine, and then sonified (Isonater model 200 M, Kubota, Tokyo, Japan) for 5 min with cooling. The sonication was repeated after addition of 50/zl of 60% (w/w) HC104. After standing for more than 30 min on ice, the mixture was centrifuged at 11,000 • g for 15 min. The supernatant was filtered through a microfilter (pore size: 0.45/~m, Schleicher and Schuell, West Germany) by centrifugation at 3,000 x g for 10 min. A 30-/d aliquot of the filtrate was subjected to the HPLC analysis. The lung and intestine were homogenized with a Potter-Elvehjem homogenizer in 3.5 vol (v/w) of cold 0.14 N HCI containing 1.43% (w/v) ascorbic acid and 2.86 /~M Nw-methyl-5-hydroxytryptamine. The homogenate was placed on ice for 30 rain and homogenized again after an addition of 0.5 vol (v/w) the original tissue weight of 60% (w/w) HCIO4. Then the supernatant solution was obtained as above. A 30-/d aliquot of the solution was used for the HPLC analysis.
Measurement of 5HT by HPLC
The concentration of 5HT in the deproteinized samples was determined by HPLC as described previously [2] with slight modifications. A FineSIL-CIs-5-T column of 4.6 mm x 250 mm and a fluorescence monitor with a phosphorcoated low pressure mercury vapor lamp was constructed as analytical HPLC system and the elution of the HPLC column was performed with Na-acetate (40 mM with respect to sodium, pH 4.0)-methanol-acetonitrile(20: 5:1) at a flow rate of 0.7 ml/min. A standard mixture containing 60 pmol each of 5HT (10.6 ng), Nw-methyl-5-hydroxytryptamine, and in certain experiments, 5HIAA was subjected to the chromatography before every set of experiment to calibrate the analytical system. The tissue concentration of 5HT was calculated based on the peak height reading. The detection limit of 5HT, defined as the peak-height reading twice as high as the base line drift, was 2.6 pmol (0.46 ng) per injection. Values of 5HT were expressed in terms of the free base. In certain experiments, 5HIAA was also measured on the same chromatogram. The detection limit of 5HIAA was 5.6 pmol (1.07 ng) per injection.
Other methods
Platelets were counted by the Fonio's method [12] . Blood was made smear immediately after the collection. Red blood cells were counted with a particle counter (Micro cell counter CC-108, Toa Medical Electronics Co., Ltd, Kobe, Japan).
The amount of blood included in excised organs was estimated as follows. The lung and intestine were homogenized with a Potter-Elvehjem homogenizer in 150-200 vol (v/w) of 50 mM potassium phosphate buffer (pH 7.0) containing a drop of n-butanol. The homogenates were centrifuged at 20,000 • g for 10 min in the cold. The blood collected from mice was diluted 1,000-fold with the buffer. As a conventional estimation of hemoglobin, the absorbence of the supernatant at 415 nm was measured with a head-on type spectrophotometer (model SM-401, Union Giken, Osaka, Japan). Then the absorbence of the tissue extracts was compared with that of blood lysate. For slightly turbid samples, the mean of the absorbence at 370 nm and that at 460 nm was subtracted from the absorbence at 415 nm. The absorbence is presented in the text as the measured value multiplied by the dilution factor.
When statistical comparisons were made, Student's ttest was employed.
Results

Measurement of serotonin in the isolated organs
The amount of 5HT in the excised mouse lung was measured in the present study to be approximately 3 #g/g with a variation between 0.76 and 4.70 #g/g (2.86 _+ 1.21 #g/g, mean __+ S.D,, n= 12). The difference in the measured values from those in the previous study was probably due to the difference in the strain of mouse employed. The excised organ included considerable amount of blood which contained as much as 3.32 ___ 1.41/zg/ml (n = 11) of 5HT. Presumably, some part of the measured 5HT in the organ was due to the included blood. In order to estimate the contribution of the blood to the 5HT in the lung, the inclusion of blood in the excised lung was calculated from the hemoglobin concentration as described under 'Materials and methods'. The calculated absorbence at 415 nm of the lung tissue was 119 • 14 (n=6), and that of the blood was 968 + 7',6 (n = 6), when the dilution factor was multiplied. Thus the amount of the blood included in the excised organ was around 0.12 ml/g wet weight. Assuming the amount of 5HT in the inchtded blood to be the same as that of circulating blood, the 5HT due to the blood was estimated to be about 14% (0.4/~g/g lung) of 5HT detected in the excised lung.
The amount of 5HT in the small intestine was measured as 9.33 ___ 1.76 #g/g (n = 13), when the top portion of the small intestine (3 cm from pylorus :ring) was taken as the sample. When the upper 1/3 portion of the small intestine was measured as in the previous study [2] , the amount of 5HT was measured as 3.66 _+ 0.88 pg/g (n = 5). The inclusion of blood estimated as in the case of the lung was 0.1% of the total 5HT in the top 3 cm of the small intestine.
7-ray irradiation
After a single dose of irradiation (800 r), the mice lost the smooth appearance of their hair and became progressively thinner. Some mice became 
Figure 1
Effect of 6~ irradiation on the amount of 5HT in the lung, blood and intestine. Mice were exposed to 800 r of the irradiation to the whole body in a single dose. The 5HT in the lung (A), blood (B) and intestine (C) was measured after the indicated days as described under 'Materials and methods'. Values are presented as the mean • S.D. of 4-7 measurements for the 10th day and of 11-13 for all others. *, difference between mice before and after the irradiation is significant (p < 0.01) by Student's t-test.
blind, and on the 10th day, about 40% of the animals died. The effects of irradiation on the amount of 5HT in the lung, blood and intestine were examined. A remarkable decrease in the 5HT level in the lung was observed after the 5th day of the irradiation ( Fig. l-A) . On the 10th day, about 60% of the irradiated animals was alive, and 5HT in the lung of these animals was as low as 0.09 __+ 0.03/lg/g (n=7, 3.1% of the normal mice). The overall change of the 5HT concentration in the blood after the irradiation was quite similar to that of 5HT in the lung, and 5HT remained in the blood 10 days after the irradiation was only 0.05 _+ 0.02/~g/ml (n = 4, 1.5% of the normal, Fig. l-B) . On the contrary, no significant changes were induced by the 7-ray irradiation in the amount of 5HT in the intestine as shown in Fig. 1~C . Although mucosal epithelia of the intestine are well known to be sensitive to radiation [15J, the 5HT-containing cells in the mucosa appeared less sensitive.
Transplantation of bone marrow cells
The number of platelets in the blood of normal mice was 1-1.5 • 10 6 cells/ml. On irradiation, the platelet decreased gradually for 5 days and almost disappeared within the next 2 days (Fig. 2-C) . The change in the platelet number appeared to correlate well with that in the amount of 5HT in the lung and blood described above (Fig. I-A, B) .
Attempts were made to recover the hemopoietic activity of the irradiated mice by the bone marrow transplantation. When the irradiated animals received bone marrow cells (1 x lO 7 cells/mouse) from normal mice on the same day of the exposure, they did not show any apparent symptoms caused otherwise by the irradiation. As shown in Fig. 2 -A, body weight did not decrease for more than 2 weeks, and red blood cells were well maintained (Fig. 2-B) . The number of platelets in the blood decreased for 5 days after the irradiation even when the animals received the transplantation of bone marrow cells. On the 5th day, the number of platelets was about 45.5 % of normal mice. Afterward, however, the platelet number began to increase and was recovered to about 61.7% of the normal level 15 days after the transplantation (Fig. 2-C) . The progressive decrease in 5HT in the lung and blood of the irradiated mice was also prevented by the transplantation of the bone marrow cells (Fig. 3-A,  B) . As in the case of the platelet number (Fig. 2- 
Figure 2
Effect of bone marrow graft on irradiated mice. Mice were given 800 r of the 6~ irradiation, followed by the bone marrow transplant (1 x 107 cells/mouse) as described under 'Materials and methods'. The body weight (A) and the number of erythrocytes (B) and platelets (C) were measured after the indicated days. Body weight is the mean of 6 animals, and cell numbers are the average of 4-6 mice. 9 control mice which received only the 6~ irradiation, e, animals which received both the irradiation and the bone marrow graft. *, difference between mice before and after the irradiation is significant (p < 0.01) by Student's t-test. -k, difference between irradiated mice and irradiated mice with bone marrow graft is significant (p < 0.01). Effect of bone marrow transplantation on the amount of 5HT in the lung, blood and intestine of ~-ray irradiated mice. The mice were exposed to the ~~ irradiation, followed by the bone marrow transplantation as described under 'Materials and methods'. The 5HT amount in the lung (A), blood (B) and intestine (C) of the mice was measured after the indicated days of the irradiation. Open bar, irradiated mice with bone marrow graft. Numbers of the observation were 4-6. Shadowed bar, irradiated mice without bone marrow graft. Numbers of the measurement were 4-7 for the 10th day and 11-I 3 for all others. *, difference between mice before after the irradiation is significant (p < 0.01) by Student's t-test. *, difference between irradiated mice and irradiated mice with bone marrow graft is significant (p < 0.01). Experimental conditions and numbers of the determination are described in the legend to Fig. 4 .
Values are the mean _ S.D. Deta on 5HT are taken from Fig. 4 for comparison.
C), the amount of 5HT in the lung and blood decreased on the 5th day to about a half of the normal value even with the graft; 46.8% in the lung and 62.7% in the blood. On the 10th day, however, 5HT in the lung and blood of the recipient mice 'was maintained at 37.4% and 57.8% of the normal, respectively, while that of animals without the transplantation decreased 3.1% and 1.5~ in respective organs. Then the amount of 5HT of the recipient mice increased. On the 15th day, it was 1.71 ___ 0.94 #g/g (n=4, 59.8% of the normal value) in the lung and 2.74 + 0.13 #g/g (n = 4, 74.5% of the normal) in the blood. Nongrafted animals died around the 10th day as mentioned above. The correlation coefficient between the number of platelets in the blood and the amount of 5HT in the excised lung was calculated to be 0.61 using the data shown in Fig. 2 --C and 3-A. The coefficients were 0.75 (5HT in the blood vs. platelet number) and 0.64 (5HT in the lung vs. 5HT in the blood). From these values the positive correlation could not be neglected (p<0.0l).
The amount of 5HT in the intestine showed a tendency to decrease slightly on the 10th and 15th days after the irradiation even when the mice received the bone marrow cells from normal mice (Fig. 3-C) .
Loading with high doses of serotonin
Above results suggested that 5HT measured in the excised lung was supported by bone marrow-derived cells, presumably the platelets. It was ambiguous if the platelets simply maintained the 5HT concentration high in the blood so as to make the pulmonary cells easy to take up the amine, or if they had a function of accumulating 5HT in the lung. In order to make it clear, mice had been deleted of platelets by the 7-ray irradiation and was injected with high doses of 5HT to raise t]he concentration in the blood. Mice without the irradiation were used as a control.
As presented in Table 1 , a large amount of 5HIAA was detected in the blood and still larger amount in the lung 15 min after the administration in both groups of mice, irradiated and the control. This indicated that the administered 5HT was rapidly metabolized to 5HIAA in the lung, though some contribution of other tissues could not be neglected. The conversion of 5HT to 5HIAA in the irradiated mice suggested that the uptake of 5HT in the lung tissue was maintained in the virtual absence of platelets, because the 
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Figure 4
Amount of 5HT in the lung after loading irradiated and nonirradiated mice with excess 5HT. Indicated doses (#g/g body weight) of 5HT in 0.3 m! of Hank's solution without glucose and albumin were injected to irradiated mice (open circle, n = 3 except for the loading of 35.2/~g/g where n = 1) on the 7th day after the irradiation and to non-irradiated mice (closed circle, n = 5) as a control. Mice were killed after 15 min of the administration. The lung was excised and blood samples were taken from thoracic cavity. 5HT in the lung and blood samples was measured as described under 'Materials and methods'. Shown in the inset is the concentration of 5HT in the blood.
metabolism of 5HT might take place following the uptake from the blood stream. The metabolism of exogenous 5HT seemed very fast as manifested above, nonetheless, the 5HT concentration in the blood of either group of animals increased depending on the injected dose of 5HT (inset in Fig. 4 ). In addition, 44.3% of blood 5HT of the control mice was recovered in the platelet-poor supernatant fraction .15 min after the administration of 35.2 #g/g body weight of 5HT, while only 6.0% was detected in the supernatant fraction without the administration. These results indicated that the injected dose exceeded not only the capacity of platelet to take up 5HT but also the ability of the mice to remove metabolically 5HT within the experimental period of 15 min. As shown in Fig. 4 , the 5HT level in the lung of irradiated mice was apparently elevated by the injection, but the extent was just explained by the inclusion of the blood (0.12 ml/g wet weight), which carried the exogenous 5HT. A remarkable increase in the amount of 5HT was observed in the excised lung of non-irradiated mice after the injection. The increase in the latter case was far above the amount explained by the blood inclusion. Thus the lung of mice deficient in platelet was unable to accumulate 5HT even when the compound was supplied from the circu-lation, indicating an intimate relationship between platelets and the high level of 5HT in the excised lung tissue.
Discussion
In our previous study [2] on the distribution of 5HT in various organs of mice, the following were noted: 1) the lung, blood, and digestive tract contained 5HT in relatively large quantities; 2) most of 5HT detected in the excised lung was not of mast cell; namely, there was no significant difference in the amount of 5HT in the lung of a genetically mast cell-deficient mouse (W/W v) and that of the normal mouse (+ / +); 3) measured values of 5HT in the lung fluctuated much wider than those of other organs.
In the present study, we first tried to know whether the 5HT detected in the lung was supplied by the blood circulation or not and the role of platelet in this process. Since bone marrow cells are known to be sensitive to 7-ray radiation, the exposure to 6~ was employed to delete platelet. The irradiation may cause a variety of cellular disorders, in addition to the damage to thrombocytopoiesis. In our experiments, the animals died after around 10 days by a single dose of 800 r of the 6~ irradiation, probably due to the damage to intestinal mucosa (gastro-intestinal radiation syndrome) [13] . The bone marrow graft has been reported to secure effectively the symptoms and to recover the hemopoietic activity. The experimental results shown in Figs 2 and 3 indicated that the platelet, the most sensitive to the irradiation and of bone marrow origin, is mainly responsible for the drastic change in 5HT in the blood and lung. A question arose how the platelet deficiency made the lung low in the 5HT amount.
It has been believed and supported in the present study that free 5HT in serum efficiently metabolized during systemic circulation. The observed high activity in metabolizing 5HT may explain why the platelet-deficient mice could not maintain the 5HT level in the blood and hence the level in the lung. When the mice were enforced to elevate blood 5HT by the administration of high doses of 5HT, however, the platelet-deficient mice could not increase 5HT in the lung, while the normal mice increased it more than 3 fold high. These results indicated some crucial role of the platelet in the accumulation of 5HT in the lung.
A question remains whether the measured 5HT in the excised lung is located in the lung tissue or in the space of capillaries. As to the former, histochemical studies have described various 5HT-containing cells in the lung; namely, argyrophilic endocrine cells [14, 15] or neuro-epithelial bodies [16] [17] [18] in addition to mast cells [19] . But these histochemical suggestions were performed in the limited developmental stages of limited animals and gave little information on the quantity. Of these, the mast cells, though they were clearly shown to originate from the bone marrow cells [20] , have been ruled out in the previous study [2] as the major 5HT-containing cells in the lung. On the other hand, a possibility of an accumulation or an uneven distribution of platelets in the lung has not been ruled out. We have given consideration to the blood inclusion but by measuring the hemoglobin concentration in the tissue homogenate. Indeed, platelets have been shown to be entrapped by the lung after trauma [21] , septic shock [22] and hemorrhagic shock [23] , or during the in vitro pump perfusion of the lung [24] and acute respiratory failure [25] [26] [27] . The reported accumulation ofplatelets in the lung following the traumatic, septic and hemorrhagic shock was a slow process. Since we cut off the blood circulation 10 sec after the cervical dislocation, the large amount of 5HT in the lung measured in the present study could hardly be due to the slow accumulation ofplatelet as above.
We have noted a wide fluctuation in the measured 5HT level in the lung [2] . In the present study, the beating heart was dissected exactly 10 sec after the cervical dislocation. This was the quickest operation we could perform as the routine procedure. The relative standard deviation in the measurement of lung 5HT was reduced from approximately 54% in the previous study [2] to around 40% or less. Slow operation might have resulted in uncontrollable decrease in the measured 5HT in the lung. Namely, if 5HT was released from the 5HT-containing cells of the lung in response to hypoxia following the cervical dislocation [28, 29] , the compound may have been taken up and metabolized by endothelial cells or washed out from the lung by the blood flow, because the heart did not always stop beating for a while after the cervical dislocation. Alternatively, if the 5HT was of the accumulated platelets, it may have been dispersed by the blood flow before removal of the heart.
Hardisty and Stacey showed that platelets are able to take up 2-5 times as much 5HT as they contain as the physiological concentration [30] . This would explain why the normal mice accumulated 3 times higher amount of 5HT in the lung after high doses of 5HT (Fig. 4) , granted that a large number of platelets were in the capillaries of the lung. It is possible that platelets are rapidly entrapped in the lung by a rapid process during 10 sec after the acute shock of cervical dislocation. This in turn may explain the fluctuation noted in the determination of 5HT in the lung. This possibility is now under study.
